Background: CD44 on neutrophils is a ligand for E-selectin on endothelial cells. Results: CD44 forms actin-dependent clusters by binding to ezrin/radixin/moesin (ERM) proteins and ankyrin. Conclusion: Cytoskeletal interactions regulate CD44 clustering, mobility, and function. Significance: CD44 organizes at nanometer scale on cell surfaces.
and other cells, the cytoplasmic domain of CD44 interacts with the cytoskeleton through two well characterized adaptors: ezrin/radixin/moesin (ERM) proteins and ankyrin (14) . Juxtamembrane basic residues in the CD44 cytoplasmic domain bind to ERM proteins, which bind directly to long actin filaments (15, 16) . A more distal 15-residue segment of the CD44 cytoplasmic domain binds to ankyrin, which binds directly to spectrin (17, 18) . Spectrin tetramers interact with short actin oligomers, accessory proteins, and phosphatidylinositol lipids to form a submembrane geodesic domelike structure (19) . The organization of the ankyrin-spectrin network is thought to assemble proteins and lipids for signaling and other functions. With certain exceptions (18, 20) , most studies suggest that disrupting actin filaments or mutating the ERM-or ankyrin-binding sites on CD44 has minimal impact on cell adhesion to hyaluronan under static or flow conditions (21, 22) . However, these perturbations can inhibit outside-in signaling by hyaluronan (14, 23) . Whether cytoskeletal interactions affect the organization of CD44 on the cell membrane has received much less study. Confocal microscopy of transfected AKR1 lymphoma cells suggests a homogeneous plasma membrane distribution for wild-type (WT) CD44 but a punctate distribution for CD44 lacking the cytoplasmic domain (22) . Nanometer scale imaging of CD44 on intact cell membranes has not been reported.
Here we used cross-linking and high resolution imaging to demonstrate that CD44 forms actin-dependent clusters in hematopoietic cells. Disrupting the binding site for ankyrin but not for ERM proteins resulted in larger but looser clusters. Disrupting the ankyrin-binding site also impaired CD44-dependent rolling of neutrophils on E-selectin and CD44-mediated activation of SFKs. These data suggest that ankyrin binding to the cytoplasmic domain of CD44 enhances its interactions with E-selectin.
EXPERIMENTAL PROCEDURES
Reagents-Anti-murine CD44 mAb (clone KM114) was purchased from BD Pharmingen. Anti-C terminus CD44 rabbit polyclonal antibody was purchased from Abcam (Cambridge, MA). Phycoerythrin-or fluorescein isothiocyanate-labeled anti-CD44 mAb (clone IM7) was from eBioscience (San Diego, CA). Anti-GFP mAb (clone B34) was purchased from Covance (Princeton, NJ). Rabbit polyclonal antibodies to SFKs and to SFKs phosphorylated on Tyr-416 were from Cell Signaling Technology (Danvers, MA). The cross-linker bis(sulfosuccinimidyl) suberate (BS 3 ) was from Thermo Scientific (Rockford, IL). Latrunculin B was from Santa Cruz Biotechnology (Dallas, TX). Blebbistatin, poly-L-lysine, and ␤-estradiol were from Sigma-Aldrich. EasySep TM Mouse Hematopoietic Progenitor Cell Isolation kit was from STEMCELL Technologies (Vancouver, British Columbia, Canada). Stem cell factor, IL-3, and IL-6 were from Shenandoah Biotechnology (Warwick, PA). All restriction endonucleases were from Promega (Madison, WI). Lipofectamine was from Invitrogen. T4 DNA ligase was from New England BioLabs (Ipswich, MA). PfuTurbo DNA polymerase was from Stratagene (La Jolla, CA). Retroviral vector pMSCVpuro was from Clontech. Vector pWay2 containing YFP or CFP was described previously (24) . The Hoxb8-ER construct (25) was a gift from Mark P. Kamps (University of California at San Diego, La Jolla, CA). Retroviral vector MSCV-IRES-GFP (pMiG) and the packaging-helper plasmid PCL/Eco (26) were gifts from José Alberola-Ila (Oklahoma Medical Research Foundation, Oklahoma City, OK).
Mice-PSGL-1 Ϫ/Ϫ mice were generated as described (8) . CD44 Ϫ/Ϫ mice (B6.129(Cg)) (27) were purchased from The Jackson Laboratory (Bar Harbor, ME). PSGL-1 Ϫ/Ϫ mice were bred with CD44 Ϫ/Ϫ mice to generate PSGL-1 Ϫ/Ϫ /CD44 Ϫ/Ϫ mice. All mice were bred at least 10 generations in the C57/BL6J background. All experiments were performed in compliance with protocols approved by the Institutional Animal Care and Use Committee of the Oklahoma Medical Research Foundation.
Generation of CD44 Constructs-A full-length cDNA encoding the murine standard form of CD44 without the stop codon was annealed between the EcoRI and SmaI sites of the vector pWay2 containing cDNAs encoding CFP or YFP in place of GFP (24) . To ensure the monomeric status of CFP and YFP, each cDNA was altered to express an A206K mutation (monomeric CFP or monomeric YFP) (28) before inserting cDNA for CD44. All but the first six residues (NSRRRC) of the CD44 cytoplasmic domain were deleted to generate ⌬CD CD44. Juxtamembrane lysines and arginines in the CD44 cytoplasmic domain that confer binding to ERM proteins were replaced with alanines by PCR-based site-directed mutagenesis to generate ⌬ERM CD44. ⌻he 15-residue sequence in the CD44 cytoplasmic domain that binds ankyrin was deleted by overlap extension PCR to generate ⌬ANK CD44. A mutant lacking both binding sites was made by mutating the residues conferring ERM binding into an ankyrin binding-deficient template to generate ⌬ANK⌬ERM CD44. The primers (5Ј-3Ј) for mutagenesis were as follows: YFP, 5Ј-CCTGAGCTACCAGTCCAAACTG-AGCAAAGACCCCAACG-3Ј; CFP, 5Ј-CCTGAGCACCCAGT-CCAAACTGAGCAAAGACCCCAACG-3Ј; ⌬ERM or ⌬ANK-⌬ERM, 5Ј-GGTCAATAGTGCCGCCGCCTGTGGGCAGGC-CGCCGCCCTGGTGATCAACGG-3Ј; overlapping primers for ⌬ANK, 5Ј-GGAAGATCTATGGACAAGTTTTGGTGGCAC-ACAGCTTGGGG-3Ј, 5Ј-GACTTGCTGGCCTCCCCGTTGA-TCACCAGCTTTTTCTTCTGC-3Ј, 5Ј-GCAGAAGAAAAAG-CTGGTGATCAACGGGGAGGCCAGCAAGTC-3Ј, and 5Ј-CGGGAATTCCTACACCCCAATCTTCATGTCCACACTC-TGC-3Ј; overlapping primers for ⌬CD, 5Ј-CCGGAATTCGCCA-CCATGGACAAGTTTTGG-3Ј, 5Ј-CGCCCTTGCTCACCCC-ACACCTTCTCCTAC-3Ј, 5Ј-GTAGGAGAAGGTGTGGGGT-GAGCAAGGGCG-3Ј, and 5Ј-GCTCTAGACTCGAGTTACT-TGTACAGC-3Ј.
To prepare constructs for retroviral transduction, cDNAs encoding WT or mutant CD44 were cloned into the retroviral vector pMiG containing cDNA for GFP with restriction enzyme sites BglII and EcoRI on 5Ј-and 3Ј-ends, respectively. All constructs were confirmed by DNA sequencing.
Transfection-To produce retrovirus, 10 6 293T cells were seeded in a 10-cm plate 1 day before transfection. Packaginghelper plasmid PCL/Eco containing gag, pol, and env genes (5 g) and pMiG encoding WT or mutant forms of CD44 (5 g) were co-transfected into subconfluent 293T cells with a calcium phosphate transfection kit (Invitrogen) in the presence of 25 g of chloroquine. The viruses were harvested 48 h post-transfection.
Human erythroleukemia K562 cells were maintained in RPMI 1640 medium containing 10% FBS and 1% penicillin/ streptomycin/glutamine. For cell transfection, electroporation was used. Briefly, cells (2 ϫ 10 7 /ml) were suspended in serumfree RPMI 1640 medium. Plasmids encoding CD44-YFP and CD44-CFP (15 g each) were mixed and preincubated with cells for 15 min before adding the cell-DNA mixture into a 0.4-cm-gap electroporation cuvette (Bio-Rad). In some experiments, only cDNA encoding CD44-YFP was added. The instrument was set for 0.3 kV and 1000-microfarad capacitance. Cells were centrifuged immediately after shock. After incubating the pellet at room temperature for 15 min, cells were resuspended in culture medium. Cells were harvested 24 h post-transfection for cross-linking, fluorescence resonance energy transfer (FRET), or number and brightness (N&B) experiments. Alternatively, stably transfected clones were selected in medium containing 800 g/ml G418. After 2-3 weeks, cells were sorted for matched surface expression of CD44 in the Oklahoma Medical Research Foundation cell sorting facility.
Flow Cytometry-To compare CD44 surface expression with or without latrunculin B treatment, transfected K562 cells were stained with fluorescein isothiocyanate-labeled anti-CD44 mAb (clone IM7) and analyzed as described previously (6) . Neutrophil progenitors or stably transfected K562 cells were stained with phycoerythrin-labeled anti-CD44 mAb (clone IM7) and sorted for matched CD44 expression.
Cross-linking-Transiently transfected K562 cells expressing CD44-YFP or murine bone marrow leukocytes were incubated with 2 mM BS 3 in Hanks' balanced salt solution without Mg 2ϩ and Ca 2ϩ , pH 7.2 on ice for 2 h. The reactions were stopped by adding 20 mM Tris, pH 7.5. Cells were lysed in radioimmune precipitation assay buffer (1% Triton X-100, 125 mM NaCl, 50 mM Tris, pH 8.0, 10 mM EDTA, 10 mM NaF, 10 mM sodium pyrophosphate, 10 mM pepstatin, 50 g/ml bestatin, 2 mM PMSF, 0.1% SDS, and 0.5% sodium deoxycholate) and analyzed by Western blotting (29) . Briefly, SDS-PAGE under reducing conditions was used to separate the proteins. The resolved proteins were transferred to a PVDF membrane and immunostained with anti-GFP mAb (which cross-reacts with YFP and CFP) or anti-C terminus CD44 rabbit polyclonal antibody. The specific bands identified by these antibodies were not detected with control rabbit IgG.
FRET-Transfected K562 cells (10 6 ) were seeded on poly-Llysine-coated glass bottom dishes and fixed with 2% paraformaldehyde for 30 min at room temperature. In some experiments, K562 cells were treated with 5 M latrunculin B or 10 M blebbistatin in 0.05% DMSO or with 0.05% DMSO as a control in RPMI 1640 medium with 50 mM HEPES, pH 7.4 at 37°C for 30 min. Cells were then washed in PBS, pH 7.4 before fixation.
Microscopy was performed using a Zeiss LSM510 Meta confocal microscope. Images were collected with a 63ϫ water immersion objective (numerical aperture, 1.2). YFP was excited at 514 nm, and emission was measured between wavelengths 530 and 600 nm. CFP was excited at 458 nm, and emission was measured between 484 and 516 nm. The images were recorded in a 12-bit mode with a scanning speed of 2.56 s/pixel. All images were analyzed by IPLab (BD Biosciences).
FRET was measured based on the increase in CFP fluorescence intensity upon photobleaching YFP. Photobleaching of YFP, restricted to an area on the plasma membrane of 8 ϫ 5 pixels (2.1 ϫ 1.3 m), was performed by illuminating the sample for 1200 iterations (ϳ11 s) with the 514-nm laser at full power. FRET efficiency was calculated as described previously (24) . Briefly, the following equation was used.
E% ϭ CFP post,corrected Ϫ CFP pre,corrected CFP post,corrected ϫ 100
The CFP pre, corrected was derived by correcting the YFP bleedthrough, and the CFP post, corrected was derived by correcting the YFP bleed-through and the CFP photobleaching when bleaching YFP as described previously (24) . Cells (70 -100) with approximately matched expression of YFP and CFP were measured. Co-clustering was derived from the constant K by fitting the E% versus acceptor intensity using the following equation (24, 28) .
Curve fitting was performed with Igor Pro (WaveMetrics, Lake Oswego, OR) with 70 -100 data points per experiment. For Lyn-YFP-CFP, CFP-T2DN-YFP, and L10-YFP/S15-CFP controls, standard error was determined using standard deviation from the curve fitting. Analysis of the statistical significance of K determined for WT and mutant CD44 was by a two-tailed Student's t test for distributions of equal variance (GraphPad Software) using K values determined from three or more separate experiments (24) . N&B Analysis-N&B experiments were performed with a Zeiss LSM510 Meta confocal microscope coupled with an avalanche photodiode detector (30) or with a Leica SP8 microscope coupled with an HyD detector. K562 cells stably expressing WT or mutant CD44 fused with monomeric YFP or monomeric YFP alone were captured in 35-cm glass bottom microwell dishes (MatTek) coated with poly-L-lysine. Cells were treated with 0.05% DMSO alone or with 5 M latrunculin B in 0.05% DMSO in RPMI 1640 medium containing 1.5% FBS, 1% gentamycin/penicillin/streptomycin, and 50 mM HEPES, pH 7.4 at 37°C for 30 min. Cells were then visualized in RPMI 1640 medium without phenol red, 50 mM HEPES, and 1.5% FBS. For the drug-treated group, acquisition was performed with the Zeiss LSM510 Meta confocal microscope in photoncounting mode with a 63ϫ water-immersion objective (numerical aperture, 1.2), and the pixel dwell time and the frame time were 50 s and 5 s, respectively. YFP was excited at 514 nm, and the laser intensity was 0.5% (0.06 milliwatt). Image stacks were acquired for 30 frames of a 256 ϫ 256 pixel image with 220-nm pixel dimensions in the x and y directions. For the CD44 mutants, a 25ϫ dipping objective (numerical aperture, 0.95) with the Leica system was used, and the pixel dwell time and frame time were 10 s and 3 s, respectively. YFP was excited at 488 nm, and the laser intensity was 0.5% (0.075 milliwatt).
Image stacks were acquired for 100 frames of a 256 ϫ 256 pixel image with 121-nm pixel dimensions in the x and y directions.
Image stacks were analyzed with nb_tools, a customized MATLAB program (MathWorks) incorporating functions of the DIPimage toolbox (Delft University of Technology, Delft, The Netherlands) (31) . The analysis was carried out cell by cell. Data for a cell were discarded if the variance of all the pixels within the stack did not linearly correlate with their fluorescence intensities. Low frequency fluctuation due to photobleaching was removed by high pass Fourier transform with a cutoff of 3. The apparent brightness (B) and the molecular brightness (⑀) were calculated as follows.
2 and I represent the variance and mean fluorescence intensity of each pixel, respectively. The calculation was restricted to the plasma membrane, avoiding other regions of the cell, by choosing the fluorescence intensity above a threshold. The thresholds were different for each cell depending on its fluorescence intensity, ranging from ϳ20 to 50% of the maximum intensity. The mean intensity, mean brightness, and brightness distribution for all selected pixels within the cell were given by the software. The mean molecular brightness, ⑀ (quantified in Tables 1 and 2), was derived from the mean brightness, B (histograms in Figs. 3 and 5), according to Equation 3. The value ⑀ was used instead of B as molecules with B ϭ 1 are considered immobile (32) . The ⑀ Ϯ S.E. was evaluated from 5 to 20 cells for each group. The mean expression levels (intensities) were very similar for all CD44 constructs. Plots of molecular brightness versus mean intensity demonstrated no relationship between the two parameters (data not shown). Unlike Raster image scan correlation spectroscopy (33) , adjacent pixels in N&B analysis are not correlated. Therefore, the effect of non-linearity of the scanner is minimal. We used monomeric YFP-expressing K562 cells to measure molecular brightness of a small region of interest from the very edge to almost the center of the field of view. This plot revealed no relationship between brightness and the distance of the region of interest from the edge (data not shown). Furthermore, molecular brightness was not measured on the edge in the great majority of the cells.
The spatial sampling for the Zeiss and Leica systems was different, but temporal rather than spatial resolution is key to resolving fluctuations in N&B analysis (32, 34) . The temporal resolution is determined by the pixel dwell time, frame time, and number of frames. The pixel dwell time should always be shorter than the characteristic decay time of the fluctuating molecule so that the fluctuations are not averaged (32) . Typically, biological molecules have diffusion coefficients of 0.01-30 m 2 /s, and for a typical confocal detection volume, the diffusion time is of the order of 0.1-10 ms (34) . A pixel dwell time of 50 or 10 s was used for the Zeiss and Leica systems, respectively; this was much shorter than 0.1 ms. Furthermore, a frame time of 5 or 3 s, respectively, was used; this was much longer than the magnitude of the molecular diffusion time and thus allowed the consecutive samplings of the same pixel to be independent from each other.
Generation of Neutrophils ex Vivo with Conditional Hoxb8
Expression-Bone marrow leukocytes were harvested from 8-week-old female PSGL-1 Ϫ/Ϫ /CD44 Ϫ/Ϫ mice. The generation of differentiated neutrophils from immortalized myeloid precursors was performed as described previously (25) . Briefly, lineage-negative hematopoietic progenitors were obtained by negative selection with the EasySep Mouse Hematopoietic Progenitor Cell Isolation kit. The isolated progenitors were prestimulated for 48 h in Iscove's modified Dulbecco's medium containing 50 ng/ml stem cell factor, 25 ng/ml IL-3, and 25 ng/ml IL-6. Approximately 25,000 prestimulated progenitors were infected with Hoxb8-ER retrovirus by spinoculation at 1,500 ϫ g for 1.5 h at 22°C in the presence of Lipofectamine (1:1,000). The infected progenitors were cultured in Opti-MEM containing 10% FBS, 1% glutamine/penicillin/streptomycin, 50 ng/ml stem cell factor, 30 mM ␤-mercaptoethanol, and 1 mM ␤-estradiol. The immortalized neutrophil progenitors were enriched by serial passages of non-adherent cells every 3 days. Immortalized progenitors predominated cultures by day 14, whereas control cultures had reduced proliferation and stopped dividing by day 21. The progenitors were transduced with retrovirus carrying empty vector or vector encoding WT or mutant CD44. Cell sorting was used to select clones with matched surface expression of CD44. Selected progenitors were differentiated into neutrophils by withdrawing estrogen. After 3 days, the mature neutrophils were harvested for flow cytometry or flow chamber assays.
Fluorescence Recovery after Photobleaching (FRAP)-K562 cells stably expressing WT or mutant CD44-YFP were captured onto glass bottom dishes coated with poly-L-lysine. Cells were imaged in RPMI 1640 medium without phenol red, 50 mM HEPES, and 1.5% FBS using a Zeiss LSM510 Meta confocal microscope. FRAP was performed as described previously (35) . Briefly, the regions of interest (6.72 ϫ 3.36 m) were photobleached for ϳ9 s at maximum 514-nm laser power. Subsequently, time lapse images were collected at 2% laser power until the bleached signal reached a stable level. FRAP curves from four independent trials with five cells per trial were derived by fitting the normalized fluorescence at each time point versus time into a onephase association model plugged into the Prism software. F max , which represents the mobile fraction of the molecule in the bleached region, and 1 ⁄ 2 , which is the time to recover half of the maximum fluorescence and is inversely correlated to the diffusion coefficient, were derived from this curve. Mean Ϯ S.E. was used to present F max and 1 ⁄ 2 in Table 3 .
Flow Chamber Assay-Neutrophil rolling on immobilized E-selectin was measured as described previously (6, 36) except that human E-selectin Fc chimera was captured on an antihuman Fc mAb immobilized on 35-cm dishes. To measure resistance to detachment, neutrophils were allowed to accumulate at a wall shear stress of 1 dyne/cm 2 . After introducing cellfree buffer, the wall shear stress was increased every 30 s, and the numbers and velocities of rolling cells were measured.
CD44 Activation of SFKs in Differentiated Neutrophils-Activation of SFKs was measured as described previously (6) with minor modifications. Briefly, F(abЈ) 2 fragments of anti-CD44 mAb or isotype control mAb were immobilized on 48-well plates. Differentiated neutrophils expressing WT or mutant CD44 were suspended in Hanks' balanced salt solution with Ca 2ϩ and Mg 2ϩ containing 0.5% human serum albumin. Neutrophils added to the wells were incubated for 10 min at room temperature. Cells were lysed immediately with radioimmune precipitation assay buffer, and the lysate was analyzed with Western blotting using rabbit antibody against phospho-SFK (Tyr-416). The same membrane was stripped and reprobed with antibody against SFK. The activation level for SFK induced by engaging CD44 was derived from the ratio of the percentage of activated SFK in cells incubated on anti-CD44 mAb to that in cells incubated on isotype control mAb. Statistical difference was determined with a two-tailed Student's t test with Prism 6 (GraphPad Software).
RESULTS

CD44 Forms Actin-dependent Clusters on Leukocytes and
Transfected K562 Cells-We used cross-linking to examine the organization of CD44 on cell surfaces. BS 3 is a membrane-impermeable compound with an amine-reactive N-hydroxysulfosuccinimide ester at each end of a 1.14-nm spacer. It cross-links only nearby proteins located within the length of the spacer. We studied native CD44 on murine leukocytes (Fig. 1, A-C) . We also studied murine CD44 fused to YFP (CD44-YFP; see schematic in Fig. 2A ) on transfected human K562 cells (Fig. 1, D-F) . Previous publications demonstrated that fusing GFP or its variants (CFP and YFP) to the C terminus of CD44 does not affect binding to extracellular hyaluronan (37) or to intracellular ERM proteins (38) . After incubation with BS 3 or buffer control, the cells were lysed and analyzed by Western blotting with anti-CD44 antibody (Fig. 1, B and C) or with anti-GFP antibody, which cross-reacts with YFP (Fig. 1, E and F) . BS 3 generated a cross-linked species with an apparent M r ϳ3 times greater than monomeric CD44 on leukocytes (Fig. 1B) or monomeric CD44-YFP on K562 cells (Fig. 1E) . The cross-linked product was significantly decreased in cells pretreated with latrunculin B, which depolymerizes actin by sequestering G-actin and preventing F-actin assembly (39) ( Fig. 1, B, C, E, and F) . Control DMSO vehicle did not alter cross-linking (Fig. 1, B and C) . Latrunculin B did not alter global surface expression of CD44 ( Fig. 1A) or CD44-YFP (Fig. 1D) . These data suggest that CD44 closely associates with itself and/or other proteins in an actindependent manner.
To determine whether CD44 associates with itself, we measured FRET in K562 cells co-transfected with equal amounts of cDNA encoding CD44 fused to monomeric YFP or CFP ( Fig.  2A) . FRET was measured from the increase in CFP fluorescence intensity after photobleaching the YFP signal in a small region of the plasma membrane. FRET is strongest when acceptor and donor are within 2 nm of each other. We also transfected cells with cDNAs encoding YFP/CFP fusion proteins as FRET controls (24) ( Fig. 2A) . The positive control Lyn-CFP-YFP anchors to the plasma membrane with CFP and YFP separated by only two amino acids. The negative control CFP-T2DN-YFP is expressed in the cytoplasm with CFP and YFP separated by 236 amino acids. In the other negative control, L10-YFP was co-expressed with S15-CFP. L10-YFP is YFP fused to the N-terminal 10 residues of Lck, which targets YFP to the Triton-X-100-insoluble membrane fraction representing lipid rafts. S15-CFP is CFP fused to the N-terminal 15 residues of Src, which targets CFP to the Triton-X-100-soluble membrane fraction. We assessed co-clustering of the donor and acceptor by fitting E% to a saturable binding model based on the relative concentration of acceptor while keeping the donor-to-acceptor ratio constant throughout the measurements (see "Experimental Procedures"). The parameter K resolved from the curve fit indicates the degree of co-clustering of donors and acceptors independent of acceptor/donor concentration. K is analogous to a dissociation constant for interactions between the donor and acceptor: the lower the K, the higher the level of co-clustering. The positive control Lyn-CFP-YFP exhibited a low K, whereas the negative controls CFP-T2DN-YFP and L10-YFP/ S15-CFP each exhibited a much higher K (Fig. 2, B, C, and E) . The CD44-YFP/CFP pair manifested a low K close to that of the positive control (Fig. 2, D and E) , indicating a high degree of co-clustering. For membrane proteins, a low K also indicates a higher probability for donors and acceptors to co-cluster, which we predict will cause each to be in the same cluster as the cluster size increases. Treating cells with latrunculin B, but not DMSO vehicle, markedly increased K for CD44-YFP/CFP (Fig.  2, F, G, and I) . In contrast, treating cells with blebbistatin, which inhibits energy-dependent myosin II ATPase activity and reduces actomyosin tension without depolymerizing actin filaments (40) , had no effect on K (Fig. 2, H and I) . These data demonstrate that self-association of CD44 requires intact actin filaments but not actomyosin tension.
To measure clustering of CD44 based on protein mobility, we used N&B analysis, which is based on the statistics of fluorescence fluctuation. The brightness (B) histogram of CD44-YFP in K562 cells shifted to the right relative to the histogram of monomeric YFP expressed in K562 cells (Fig. 3A) . The molecular brightness (⑀) of CD44-YFP was ϳ3 times greater than that of YFP (Table 1) , indicating that CD44 moved as a cluster. These data are consistent with the low K for CD44-YFP/CFP in FRET experiments and suggest that many clusters contain two CD44 proteins and some contain three or more. Treating cells with latrunculin B significantly reduced the size of CD44 coclusters ( Fig. 3B and Table 1 ). These observations are consistent with the FRET data and indicate that mobile CD44 co-clusters in living cells in an actin-dependent manner.
Disrupting Binding Sites for Cytoskeletal Adaptors on the CD44 Cytoplasmic Domain Alters the Size and Tightness of CD44 Clusters-Two cytoskeletal adaptors, ERM proteins and ankyrin, are known to bind to the CD44 cytoplasmic domain 
TABLE 1 Molecular brightness of transfected K562 cells expressing YFP or CD44-YFP with or without treatment with control DMSO or latrunculin B (Lat B)
The molecular brightness (⑀) was derived from brightness (B) (see Fig. 3 ) according to Equation 3 . The values for ⑀ Ϯ S.E. were calculated from five to 15 cells from two independent experiments. The data were obtained with a Zeiss microscope (see "Experimental Procedures"). The pixel dwell time and the frame time were 50 s and 5 s, respectively, with a total of 30 frames. DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 (14) . To determine whether these interactions regulate CD44 clustering, we made an ankyrin binding-deficient CD44 (⌬ANK) by deleting the 15-residue ankyrin-binding sequence (Fig. 4A ). We made an ERM binding-deficient CD44 (⌬ERM) by mutating two clusters of basic residues required for binding ( Fig. 4A ). We also made CD44 lacking binding sites for both adaptors (⌬ANK⌬ERM). The C terminus of each CD44 mutant was fused to monomeric YFP or CFP (Fig. 4A ). We first used FRET to compare the membrane organization of WT with that of mutant CD44-YFP/CFP pairs expressed in transfected K562 cells. Both the ⌬ANK and ⌬ERM single mutants retained a low K like that of WT CD44, whereas the K of the ⌬ANK⌬ERM mutant markedly increased ( Fig. 4, B-F) . These results suggest that disrupting both binding sites decreases the extent of CD44 co-clusters. We then used N&B analysis to examine clustering of WT or mutant CD44-YFP proteins in transfected K562 cells. Surprisingly, the brightness (B) histogram of ⌬ANK shifted to the right relative to histograms of the other CD44 constructs (Fig. 5 ) with a resultant increase in the molecular brightness (⑀) ( Table 2 ). This suggests that the ⌬ANK mutant formed clusters with more molecules (greater brightness). These clusters may be less tight; the K may not change because FRET is less sensitive as donor-acceptor separation increases from 2 to 8 nm. Thus, binding to ankyrin may prevent some CD44 clusters from merging into larger, looser aggregates by other linkages to filamentous actin, including ERM proteins.
Monomeric
Cytoskeletal Regulation of CD44 Membrane Organization
Disrupting Interactions with the Actin Cytoskeleton Increases the Mobility of CD44 on Transfected K562 Cells-We used FRAP to measure the mobility of WT or mutant CD44-YFP proteins on transfected K562 cells. Treating cells with latrunculin B, but not with blebbistatin, increased the mobile fraction (F max ) and the rate of fluorescence recovery (inversely proportional to 1 ⁄ 2 ) ( Fig. 6A and Table 3 ). Deleting all but the first six residues of the cytoplasmic domain of CD44 (⌬CD) caused similar effects (Fig. 6B and Table 3 ). Disrupting either or both bind- B (Lat B) , or blebbistatin. FRAP curves from four independent trials with five cells per trial were fitted to a function for monoexponential recovery of fluorescence to derive 1 ⁄2 and F max as reported in Table 3 . The data represent the mean. Error bars represent S.E.
TABLE 2 Molecular brightness of transfected K562 cells expressing YFP or CD44-YFP constructs
The molecular brightness (⑀) was derived from brightness (B) (see Fig. 5 ) according to Equation 3 . The values for ⑀ Ϯ S.E. were calculated from 10 to 20 cells from two independent experiments. The data were obtained with a Leica microscope (see "Experimental Procedures"). The pixel dwell time and the frame time were 10 s and 3 s, respectively, with a total of 100 frames. 
Monomeric
TABLE 3 Kinetic analysis of FRAP in transfected K562 cells expressing CD44-YFP constructs with or without treatment with control DMSO, latrunculin B (Lat B), or blebbistatin
FRAP curves (see Fig. 6 ) from four independent trials with five cell measurements per trial were fitted to a function for monoexponential recovery of fluorescence to derive 1 ⁄ 2 and F max . The data represent the mean Ϯ S.E. The data were obtained with a Zeiss microscope (see "Experimental Procedures"). The experiments in the upper three rows were performed in parallel at one time, whereas the experiments in the bottom five rows were performed in parallel at a different time. For each of the two groupings, the cells for each experimental condition were grown at the same density. The different 1 ⁄ 2 values for WT-DMSO (row 1) and WT (row 4) may reflect different cell cycle conditions, which can alter the mobilities of membrane proteins (52, 53 ing sites for ankyrin and ERM proteins slightly decreased 1 ⁄ 2 but had minimal effects on F max (Fig. 6 , C-E, and Table 3 ). These results demonstrate that actin filaments but not actomyosin tension restrain the mobility of CD44. Interactions of the cytoplasmic domain with ankyrin, ERM proteins, and perhaps other cytoskeletal adaptors contribute to this restraint. Disrupting the Binding Site for Ankyrin but Not for ERM Proteins Impairs CD44-mediated Neutrophil Rolling on E-selectin-PSGL-1 Ϫ/Ϫ /CD44 Ϫ/Ϫ neutrophils roll faster than PSGL-1 Ϫ/Ϫ neutrophils on E-selectin, establishing the contribution of CD44 as a "rolling ligand" for E-selectin (6, 9, 10) . To examine whether CD44 interactions with the cytoskeleton affect this function, we transduced retroviruses encoding cDNAs for WT or mutant CD44 into conditionally immortalized myeloid progenitors from PSGL-1 Ϫ/Ϫ /CD44 Ϫ/Ϫ mice. Clones of these progenitors were then differentiated into neutrophils ex vivo. These cells retain the properties of neutrophils differentiated in vivo, including the glycosylation of selectin ligands as demonstrated here. Cell sorting was used to normalize the expression of the CD44 constructs (Fig. 7A) . We perfused the neutrophils over immobilized E-selectin and used video microscopy and image analysis software to monitor the DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 numbers of rolling cells and their velocities at a wall shear stress of 1 dyne/cm 2 (Fig. 7, B and C) and their resistance to detachment in response to increasing wall shear stress (Fig. 7, D and  E) . Differentiated PSGL-1 Ϫ/Ϫ /CD44 Ϫ/Ϫ neutrophils expressing exogenous WT CD44 rolled in greater numbers and with slower velocities than mock-transduced PSGL-1 Ϫ/Ϫ /CD44 Ϫ/Ϫ neutrophils (Fig. 7, B-E) , confirming a CD44-dependent contribution to rolling. Unlike cells expressing WT CD44, neutrophils expressing the ⌬ANK mutant rolled in smaller numbers and with higher velocities. Neutrophils expressing the ⌬ANK⌬ERM mutant also rolled in smaller numbers but with velocities closer to that of WT than ⌬ANK. Neutrophils expressing the ⌬ERM mutant rolled like neutrophils expressing WT CD44. These data suggest that larger but looser CD44 clusters as in the ⌬ANK mutant impair rolling on E-selectin. Interestingly, mutating the binding sites for both adaptors led to a milder rolling defect despite the more complete inhibition of clustering.
Cytoskeletal Regulation of CD44 Membrane Organization
Disrupting the Binding Site for Ankyrin but Not for ERM Proteins Impairs CD44-mediated Signaling in Neutrophils-E-selectin engagement of PSGL-1 or CD44 on neutrophils triggers a signaling pathway that partially activates integrin ␣ L ␤ 2 . The earliest identified step in this pathway is tyrosine phosphorylation of the SFKs Hck, Lyn, and Fgr (6, 41) . To examine whether CD44 interactions with the cytoskeleton affect this function, we incubated differentiated PSGL-1 Ϫ/Ϫ /CD44 Ϫ/Ϫ neutrophils expressing exogenous WT or mutant CD44 on immobilized F(abЈ) 2 fragments of anti-CD44 or isotype control mAb. We used anti-CD44 mAb as a surrogate for E-selectin that binds only to CD44. Cell lysates were analyzed by Western blotting with antibodies against total SFKs (cross-reactive with Hck, Lyn, and Fgr) or activated phospho-SFKs (SFKs bearing phosphotyrosine 416 in the catalytic domain). Anti-CD44 mAb, but not control mAb, activated SFKs on neutrophils expressing WT or ⌬ERM CD44 but not on neutrophils expressing ⌬ANK CD44 (Fig. 8 ).
DISCUSSION
Our results provide the first description of the nanometer scale organization of CD44 on the plasma membrane of intact cells. CD44 formed actin-dependent clusters that required the cytoplasmic domain probably through interactions with ERM proteins, ankyrin, and other adaptors. At least some clusters were very tight. They could be cross-linked within a 1.14-nm spacer, and they were detected by FRET, which is maximal at distances less than 2 nm. Most CD44 clusters detected by N&B analysis (nanometer scale motion) appeared to be doublets or triplets. FRAP documented larger scale, actin-dependent restraint on CD44 movement. Neither clustering nor restraint of CD44 required actomyosin tension.
Many studies have reported binding of ERM proteins and ankyrin to separate regions of the CD44 cytoplasmic domain (14 -18) . Whether this binding affects CD44 membrane topography has been unclear. Our FRET data demonstrated that both binding sites must be disrupted to reduce CD44 clustering ( Fig.  9) . Surprisingly, N&B analysis indicated that disrupting only the ankyrin-binding site increases CD44 brightness, suggesting larger clusters. The apparent discrepancy of the FRET and N&B data could be explained by differences in cluster spacing. Small CD44 clusters may be separated by less than 2 nm at which FRET is maximal. Larger ⌬ANK clusters may be separated by 2-8 nm at which FRET efficiency declines rapidly ( Fig. 9 ). Overall FRET efficiency may not change because some smaller clusters remain where FRET is efficient ( Fig. 9 ). If this interpretation is correct, ankyrin may link subsets of CD44 to the spectrin network, restraining its interaction with other cytoskeletal components. Loss of this restraint results in larger but looser CD44 clusters.
Deleting both ERM-and ankyrin-binding sites markedly reduced clustering as measured by FRET and N&B. This suggests that ERM proteins and ankyrin are the major adaptors linking CD44 to the actin cytoskeleton. As assessed by FRAP, however, deleting the entire cytoplasmic domain was required to increase CD44 mobility to the level observed in cells treated with latrunculin B. This supports the concept that the cytoplasmic domain binds to at least one more adaptor. One candidate is a C-terminal binding site for PDZ domain-containing proteins (14) , which link to actin through ERM proteins (42, 43) . Unlike the FRAP data for CD44, FRAP analysis of PSGL-1 revealed that mutating the ERM-binding site in the cytoplasmic domain increases mobility to the level of latrunculin B-treated cells (35) . Thus, PSGL-1 may recognize fewer cytoskeletal adaptors than CD44. This might partially explain why PSGL-1 is concentrated on microvilli of leukocytes (44) , whereas CD44 is mostly on non-microvillar regions of the plasma membrane (45) . FIGURE 8 . Disrupting the binding site for ankyrin but not for ERM proteins impairs CD44-mediated signaling in neutrophils. Ex vivo differentiated neutrophils expressing the indicated CD44 construct were incubated on immobilized F(abЈ) 2 fragments of isotype control or anti-CD44 mAb. Lysates were probed by Western blotting with antibodies to total SFK or phospho-SFK. A, representative Western blot. B, the ratio of phospho-SFK to total SFK was measured by densitometry. The data represent the mean of three experiments. Error bars represent S.E.
Co-immunoprecipitation experiments have suggested that the transmembrane domain mediates self-association of CD44
in Triton X-100-insoluble membrane fractions representing lipid rafts (46 -48) . Our data demonstrate that CD44 requires the cytoplasmic domain to cluster in intact cells. CD44 may also associate with lipid rafts, which are in turn regulated by the cytoskeleton (24, 49) .
Because of its weak binding to E-selectin (11), we hypothesized that CD44 must cluster to mediate optimal neutrophil rolling on E-selectin. CD44-dependent rolling was similar in PSGL-1 Ϫ/Ϫ /CD44 Ϫ/Ϫ neutrophils reconstituted with WT or ⌬ERM CD44, consistent with the minimal effect of the ERM binding mutation on clustering. However, we observed only mild rolling defects in ⌬ANK⌬ERM neutrophils despite reduced CD44 clustering. Moreover, ⌬ANK neutrophils had greater rolling defects perhaps because of larger but looser clusters spaced at greater intervals. These data suggest that clustering per se does not adequately explain the ability of CD44 to mediate neutrophil rolling on E-selectin.
Cross-linking CD44 activates SFKs and other signaling steps in multiple cell types (14, 23) . CD44 co-immunoprecipitates with SFKs perhaps in part through co-association with detergent-insoluble membrane domains (17, 50, 51) . We observed that immobilized anti-CD44 mAb activates SFKs in ex vivo differentiated neutrophils expressing WT or ⌬ERM CD44 but not in neutrophils expressing ⌬ANK CD44. Our data are consistent with the failure of ⌬ANK CD44 to associate with SFKs in a prostate cell line (17) . Signaling might require a direct interac- FIGURE 9 . Model for cytoskeletal regulation of CD44 membrane organization. Interactions of the cytoplasmic domain with ERM proteins, ankyrin, and perhaps other adaptors link CD44 to spectrin and actin networks. These interactions cause CD44 to form tight clusters, most of which probably comprise two to three molecules. Disrupting the ERM-binding site does not detectably alter clustering, although spacing between molecules might increase slightly. Disrupting the ankyrin-binding site allows some CD44 molecules to coalesce into larger but looser clusters. Disrupting both binding sites markedly reduces clustering. See "Discussion" for details. d, distance.
tion of CD44 with ankyrin to organize signaling components, including SFKs, at the membrane. Alternatively or in addition, the ankyrin-binding site of CD44 may bind directly to SFKs. These mechanisms may explain how E-selectin triggers CD44dependent activation of ␤ 2 integrins on rolling neutrophils (6) . PSGL-1 also requires its cytoplasmic domain to activate ␤ 2 integrins as neutrophils roll on P-or E-selectin (6, 29) . However, the PSGL-1 cytoplasmic domain is not known to bind ankyrin, and it might transduce signals by a different mechanism.
The mutations/deletions in the cytoplasmic domain of CD44 may affect functions that we did not examine. However, our approach combining CD44 mutants and latrunculin B treatments provides strong evidence for actin-dependent clustering of CD44 through interactions of the cytoplasmic domain with ERM proteins, ankyrin, and perhaps other adaptors. How these nanometer scale domains affect CD44 function in leukocytes and other cells is a promising area for further study.
